Abstract Brain metastases occur in 20 to 40% of patients with metastatic breast cancer. The process is complex and depends on successful cancer cell evasion from the primary tumor, distribution and survival within the blood stream and cerebral microvasculature, penetration of the blood brain barrier and proliferation within the brain microenvironment. The initial steps of brain colonization are difficult to study in vivo. Therefore, in vitro assays have been developed to mimic this process. Most commonly, in vitro studies of brain colonization focus on tumor cell adhesion to brain endothelial cells and transendothelial migration. We previously investigated breast cancer brain colonization from the blood stream in vivo and defined the time and process of brain entry for five different cancer cell lines in a mouse model. We now investigated if in vitro approaches can reliably emulate the initial steps that determine successful brain colonization in vivo. To this end, we optimized an in vitro model of the vascular blood brain barrier and compared the brain invasion properties of the in vivo characterized cell models with their ability to interact with and penetrate the blood brain barrier model in vitro. Our results show that the in vitro findings correlate only poorly with the vivo results. The limitations of the in vitro approaches are discussed in light of the in vivo processes. We conclude that investigation of mechanisms supporting the earliest steps of breast cancer brain metastasis from the blood stream will depend on in vivo analyses. 
Introduction
Brain metastases develop in 20 to 40% of patients with metastatic breast cancer, mostly late during disease progression [1] [2] [3] [4] . The incidence is increasing, likely due to improved treatments for extracranial disease and longer patient survival. Current therapies include surgical resection combined with whole-brain radiation and/or chemotherapy, and stereotactic radiosurgery (gamma knife). Irrespective of these treatments, the prognosis is poor with a median survival time of 7-16 months after diagnosis [2, [5] [6] [7] . To develop better treatments and/or preventive measures, experimental models are needed that adequately recapitulate the complex process of brain metastasis.
Upon primary tumor evasion, cancer cells within the blood stream have to survive, attach to target organ vessels, extravasate and resume proliferation to establish metastatic lesions. This process depends on a number of sequential and rate-limiting steps that are difficult to dissect in vivo due to high complexity and experimental limitations.
In vitro assays have been developed in an attempt to mimic individual steps of the metastatic cascade. Among these are cancer cell adhesion assays to endothelial monolayers, their matrix, and transendothelial migration. In vitro models use endothelial monolayers grown on permeable porous filters to mimic the vessel wall and allow transmigration of lymphocytes and cancer cells across the endothelial barrier.
In vivo studies using animal models to analyze cancer cell colonization of the brain are very scarce. However, they clearly demonstrate that extravasation into the brain takes significantly longer than extravasation into other organs [8] [9] [10] [11] . This is likely because the blood-brain barrier (BBB) is significantly tighter than blood-organ barriers in other tissues [12] [13] [14] [15] [16] [17] [18] [19] [20] . Only brain endothelial cells are supported by astrocyte end-feet, which contribute to the tightness of the BBB. Furthermore, brain endothelial cells have prominent tight junctions and metabolic barriers that strongly restrict the passage of cells and molecules, unlike vessels in other organs. All of these characteristics must be considered when establishing a model for studying extravasation of cancer cells through the BBB. Different in vitro models of the BBB have been reported using endothelial cells of murine, rat, bovine, porcine and human origin [19, 21, 22] . The majority of the human models use human umbilical vein endothelial cells. Due to the specific nature and differentiation state of these cells, their monolayers achieve only limited tightness and cannot truly mimic the characteristics of the BBB. Furthermore, endothelial cells display organ specific markers and functional determinants [12] [13] [14] . Therefore, it is important to use brain derived endothelial cells when studying tumor cell extravasation into the brain. Current models of the human BBB are based on primary cells from the human brain and often have limited reproducibility because tissue samples vary. In this study, we used commercially available primary human brain microvascular endothelial cells (HBMEC) from donor pools. We optimized the culture conditions to increase endothelial monolayer tightness, a distinctive characteristic of the BBB in vivo. We defined cell culture parameters that result in a highly reproducible BBB model which expresses both endothelial and brainspecific markers, achieves a high level of tightness, and is not hampered by lack of material. We used this model to study attachment and extravasation of five different breast cancer cell lines. We compared the in vitro findings to our previous results from studies of the same cell lines in vivo [11] . We show that there is very poor correlation between the ability of breast cancer cells to colonize the brain in vivo and to adhere to endothelial cells or their subendothelial matrix, and cross the optimized BBB model in vitro. Thus, our results suggest that in vitro data for malignant brain colonization must be interpreted with caution, as they do not reliably correlate with in vivo data.
Materials and methods

Cells
MDA-MB-435, MDA-MB-231, MDA-MB-231/brain [23] , 4T1, and MCF-7 cells were grown as described [11] . Culturing of primary human brain microvascular endothelial cells (HBMEC) and astrocytes is detailed in supplementary material.
Animal models of brain metastasis
Animal models of brain metastasis were previously described [11] .
In vitro model of the human blood brain barrier To optimize the in vitro BBB model, HBMEC were cultured on Boyden chamber inserts with or without astrocytes on the porous filter underside. Exact culture conditions, ECM matrix, media, and measurement of the trans-endothelial electrical resistance (TEER) are described in Supplementary material.
Immunocytochemistry and immunofluorescence microscopy
Antibodies used were anti-ZO-1 (Zymed), anti-GFAP (Promega), anti-GLUT-1 (R&D Systems), anti-vWF mAb 2.2.9 [24, 25] , anti-p-selectin (BD Pharmingen), and anti-ICAM-1 (BD Pharmingen). Secondary antibodies were conjugated with AlexaFluor594, FITC, or APC (Molecular Probes and Jacksons Immunoresearch). Detailed protocols are provided in Supplementary material.
Trans-endothelial migration assay and adhesions assay
Breast cancer cells labeled with CellTracker Orange (Cambrex) were seeded onto HBMEC monolayers and migration stopped after 24 h by fixation with 4% PFA. Transmigrated cells were counted within the entire area of the filter underside. Details are given in Supplementary material.
Results and discussion
Establishment of an in vitro blood brain barrier model
High impermeability is an important characteristic of the blood-brain barrier (BBB) in vivo, and distinguishes brain endothelial cells from those of other tissues [17, 19] . This impermeability is thought to be a major hurdle for tumor cell entry into the brain. To optimize our BBB model, we therefore used transendothelial electrical resistance (TEER) as a reliable measure of monolayer tightness, to define growth conditions under which primary human brain microvascular endothelial cells (HBMEC) maintain their in vivo characteristics and barrier properties.
An important component of the vessel wall and determinant of vascular integrity is the subendothelial basement membrane. In the brain, it consists mainly of fibronectin, laminin and collagen [26, 27] . We therefore investigated the influence of the individual matrix components on the tightness of brain endothelial monolayers in vitro. HBMEC were grown on matrix protein-coated tissue culture inserts, and TEER was measured on days 2, 3, and 4 ( Fig. 1a) . Barrier tightness was best supported by fibronectin (TEER of 30 X cm 2 ), followed by astrocyte-derived ECM (attachment factor, ScinCell), collagen I, and laminin. Fibronectin was therefore used in all further experiments. In addition to brain endothelial cells, astrocytes are part of the BBB. Reportedly, endothelial monolayer tightness increases by co-culture of endothelial cells and astrocytes or co-incubation with astrocyte-conditioned medium [20, 22, 28, 29] . To find the best conditions for our model, HBMECs were grown in different media, with or without astrocytes at the filter underside of the culture inserts. Primary human astrocytes were used, and tested positive for GFAP expression by immunocytochemistry and Western blot (data not shown). Figure 1b shows that the tightness of the BBB model varied significantly depending on the culture media. Notably, astrocytes supported increased barrier tightness in some media (CSC-and F12), but had the opposite effect in others (CSC ? , ECM, and EGM-MV). The tightest monolayer was obtained in ECM medium without astrocytes (40 X cm 2 ). Therefore, these conditions were used for further optimization.
Since direct contact between astrocytes and endothelial cells did not enhance barrier function in our model, we tested the role of soluble astrocytes-derived factors. We found that 50% astrocyte-conditioned medium significantly increased endothelial monolayer tightness (Fig. 1c) , reaching a TEER value of 100 X cm 2 on culture day 9. Finally, increased cAMP reportedly enhances endothelial monolayer tightness in vitro [29] [30] [31] . In our model, cAMPelevating agents CPT-cAMP and RO-20-1724, added on day 7, increased TEER to 120 X cm 2 (Fig. 1c) . The brainendothelial character of HBMECs, cultured under these conditions, was confirmed by expression of endothelial cell markers ZO-1, von Willebrand factor (vWF), and P-selectin, and brain-specific marker GLUT-1 (Fig. 2) [19] . Without stimulation, only a minority of the endothelial cells expressed ICAM-1, indicating minimal activation (Fig. 2a) . ICAM-1 expression was up-regulated upon incubation with TNF-a, mimicking inflammatory conditions in vivo and documenting endothelial responsiveness (not shown). TNF-a was not used in the BBB model because it is known to compromise endothelial barrier integrity. Otherwise, the above-optimized conditions were applied to generate the in vitro BBB model for analyses of breast cancer cell adhesion and transendothelial migration.
Breast cancer brain colonization in vivo and blood brain barrier interaction in vitro
We previously characterized the brain colonization properties of five breast cancer cell lines after carotid artery injection in experimental mice. We followed BBB penetration, initial proliferation and host cell responses by detailed histology [11] . Thus, the investigations focused on initial steps of brain metastasis including tumor cell arrest within the cerebral microvasculature and extravasation into the brain parenchyma. By non-invasive bioluminescence imaging, firefly-luciferase tagged MCF-7, MDA-MB-231 cells and their in vivo selected brain-homing variant (231 brain), MDA-MB-435, and 4T1 cells, all showed significant signal in the brain 15 min after carotid artery injection. However, histology revealed that only MDA-MB-231 brain, MDA-MB-435, and 4T1 cells successfully extravasated, and that this occurred between day 3 and 5 [11] . In the long-term, only MDA-MB-435 (435), MDA-MB-231/ brain (231/brain) and 4T1 cells successfully colonized the brain in 100% of the animals after injecting 1 9 10 4 or 1 9 10 5 cells (Fig. 3a) . 231 parental cells colonized the brain poorly, producing brain lesions in only 10% of the animals (1 9 10 5 cells injected). The non-metastatic cell line MCF-7 failed to colonize the brain completely. From the three cell lines that successfully entered the brain, 4T1 cells grew the fastest while 435 and 231/brain cells displayed a lag phase of 7-10 days, before resuming growth within the brain tissue (Fig. 3b) [11] .
To investigate if and to what degree in vivo brain colonization is mirrored by the ability of the tumor cells to attach to and invade monolayers of cultured brain microvascular endothelial cells, we analyzed the in vivo studied breast cancer cell models in our BBB model in vitro. This comparison of in vivo and in vitro properties is important, because in vitro assays of tumor cell adhesion to endothelial monolayers and transendothelial migration are often performed to analyze molecular functions required for brain metastasis. However, the in vitro data are rarely validated in vivo.
We first analyzed adhesion of the in vivo validated cancer cells to monolayers of primary brain microvascular endothelial cells grown under conditions that gave the tightest brain endothelial monolayer (Fig. 3c) . 4T1 cells colonized the brain most aggressively in vivo, and showed the highest adhesion rate to endothelial cells in vitro (12%). 231/brain cells showed a lower adhesion rate than parental 231 cells (4% versus 6.5%), followed by MCF-7 (3.5%) and 435 cells (2%). Together, brain colonization in vivo correlated only partially with cancer cell adhesion to endothelial monolayers in vitro. Notably, in vivo all breast cancer cell lines initially showed high signal in the brain [11] . This might be due to specific tumor cell adhesion to cerebral endothelial cells, passive trapping within the brain capillaries, or a combination of both. We next examined the ability of the tumor cells to penetrate the BBB model in vitro. 4T1 and 435 cells, which potently colonized the brain in vivo, showed no significant transmigration across brain endothelial monolayers in vitro (0.03% cells penetrating) (Fig. 3d) . The same was true for the non-metastatic MCF-7 cells (0.01%). The highest trans-endothelial migration rate in vitro was achieved by parental 231 cells (1.6%), and this rate exceeded the rate achieved by 231/brain cells by ninefold. These findings indicate that there was no correlation between the brain colonization potential of the cancer cells in vivo and their ability to penetrate brain endothelial monolayers in vitro. Even 231 and 231/brain cells, which share a common genetic background, displayed an inverse correlation between the rate of in vitro trans-endothelial migration and in vivo brain colonization. Thus, a correlation between in vitro and in vivo capabilities might be observed for certain cell models but not for others, and can therefore not be expected as a general rule.
The vascular basement membrane in the brain is thought to serve as a soil for brain metastasis, since metastatic cancer cells can grow around co-opted brain vessels, and in vitro preferentially adhere to the vascular basement membrane in brain slices [11, 32, 33] . We therefore investigated whether a correlation exists between brain metastasis in vivo and tumor cell adhesion to the vascular basement membrane in vitro. Comparing the above five cancer cell lines, we found that the tumor cell ability to attach to the subendothelial matrix correlated with their adhesion to the endothelial cells (Fig. 3e) . Again, the most aggressive cell line 4T1 showed the highest adhesion rate, followed by 231 and 231/brain, MCF-7 and 435 cells. Thus, as for tumor cell attachment to brain microvascular endothelial cells, adhesion to the subendothelial matrix only partially correlated with tumor cell colonization of the brain in vivo.
Mechanisms of brain metastasis from extracranial solid tumors are poorly understood. Yet, cerebral involvement becomes an increasing clinical problem, especially in breast cancer. The desire to prevent brain colonization by circulating tumor cells is therefore high and demands a better understanding of specific functions and molecular determinants that promote breast cancer cell penetration of the BBB and successful brain colonization. Therefore, experimental models that faithfully emulate the initial steps of brain colonization would be of utmost importance. Having characterized the initial events of breast cancer brain colonization in the complexity of the in vivo situation using mouse models, we therefore critically evaluated in vitro models of the BBB as surrogate systems for studying early steps of brain metastasis. Based on a systematic comparison of in vivo and in vitro behavior of five distinct breast cancer cell models, we essentially found no correlation between the ability of breast cancer cells to colonize the brain in vivo and their capacity to adhere to and penetrate a model of the BBB in vitro. In vivo, arrest of circulating cancer cells in brain capillaries is likely due to a combination of trapping within narrow capillaries and receptor-mediated cancer cell adhesion to the endothelium. In our in vivo model, the analyzed breast cancer cell lines differed significantly in their ability to persist within the brain vasculature upon initial arrest. For example, after carotid artery injection the non-metastatic cell line MCF-7 was undetectable in the brain from day 2 on. Unlike in other organs, cancer cells that are arrested within the brain vasculature need to survive within blood vessels for 3-5 days before they can extravasate [10, 11] . It is possible that the ability of cancer cells to adhere to local endothelial cells is important for their permanent arrest. However, we found only a poor correlation between brain metastasis in vivo and cancer cell adhesion to brain microvascular endothelial cells in vitro. Following adhesion, the ability of cancer cells to survive within the cerebral microvasculature for prolonged periods of time before extravasation (3-5 days) is very likely crucial.
Molecular mediators of extravasation in vitro have been previously correlated to the potential of cancer cells to colonize the brain in vivo. For example, Bos et al. [34] recently reported a2,6-sialyltransferase as a possible contributor to breast cancer cell extravasation into the brain. Indicated by gene expression profiling of brain homing variants of breast cancer cell lines and patient samples, knock-down of a2,6 sialyltransferase expression reduced endothelial transmigration in vitro. The in vitro study can be valuable. As indicated by our findings, in vivo analysis of cells expressing or lacking this enzyme should yield definitive results. We found no correlation between transendothelial migration in vitro and brain colonization in vivo. Even MDA-MB-231 and MDA-MB-231/brain cells, actually displayed an inverse correlation between in vitro and in vivo parameters. Although our model of the BBB was optimized to obtain controlled, high tightness and expression of endothelial-and brain-specific markers, the in vitro model cannot accurately reflect the in vivo complexity. For example, presence and dynamic interactions of astrocytes and pericytes are missing. Endothelial cells form tubes in vivo but are grown as a monolayer in vitro. Another weakness of the in vitro models is that they can be used only for short-term experiments. This is due to a limited time span during which cultured brain endothelial monolayers maintain their stability. Most studies perform transmigration assays for 6-20 h. We previously determined the time course of breast cancer cell extravasation into the mouse brain in vivo for three different breast cancer cell lines and found no extravasated cells for up to 48 h after carotid artery injection [11] . The cancer cells extravasated only 3-5 days after arresting within the vasculature. Thus, the time course required for extravasation in vivo cannot be recapitulated in vitro due to destabilization of brain endothelial monolayers, and migration of endothelial cells to the lower insert chamber after prolonged periods in culture. Furthermore, the complexity of intravascular host cell types, their release of bioactive factors, and possible contribution of coagulation proteins cannot be fully emulated in vitro.
In summary, our comparison of in vivo brain colonization and in vitro interaction with brain microvascular endothelial cells, their matrix and transendothelial migration of five different breast cancer cell lines suggests that in vitro assays only poorly reflect the ability of breast cancer cells to colonize the brain. Thus, definitive and clinically relevant findings on mechanisms of the earliest steps of breast cancer brain metastasis and their prevention will depend on investigations in animal models.
